We demonstrate the surface plasmon (SP)-enhanced flip-chip blue light-emitting diodes (LEDs) having silver (Ag) disks in the p-GaN layer. The optical output power of an SP-enhanced flip-chip LED with Ag disks is increased by 45% at 20 mA without showing any degradation of electrical characteristics, compared with that of a conventional flip-chip LED. The increase in optical output power is attributed to the improved internal quantum efficiency of LEDs because of the increase in the spontaneous emission rate by the resonance coupling between the excitons in multiple quantum wells and the SPs in the Ag disks. # 2012 The Japan Society of Applied Physics A mong the many recent approaches leading to improved internal quantum efficiency in GaN-based light-emitting diodes (LEDs), the increase in the radiative recombination rate by coupling a quantum well (QW) to surface plasmons (SPs) has been actively studied to realize high-efficiency LEDs. [1] [2] [3] [4] SPs are the collective oscillations of free electrons at the metal-dielectric interface. Because of the increased photon density of states near the SP frequency that results from the Purcell effect enhancement factor, QW-SP coupling provides a fast path for electronhole recombination and increases the spontaneous emission rate. It has been reported that SP coupling with InGaN/GaN multiple quantum wells (MQWs) leads to enhanced photoluminescence (PL) and electroluminescence (EL) by the improved spontaneous emission rate. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] It has also been reported that the optical output power of blue and green LEDs can be enhanced by SPs of metal nanoparticles embedded in the n-or p-GaN layer of LEDs.
A mong the many recent approaches leading to improved internal quantum efficiency in GaN-based light-emitting diodes (LEDs), the increase in the radiative recombination rate by coupling a quantum well (QW) to surface plasmons (SPs) has been actively studied to realize high-efficiency LEDs. [1] [2] [3] [4] SPs are the collective oscillations of free electrons at the metal-dielectric interface. Because of the increased photon density of states near the SP frequency that results from the Purcell effect enhancement factor, QW-SP coupling provides a fast path for electronhole recombination and increases the spontaneous emission rate. It has been reported that SP coupling with InGaN/GaN multiple quantum wells (MQWs) leads to enhanced photoluminescence (PL) and electroluminescence (EL) by the improved spontaneous emission rate. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] It has also been reported that the optical output power of blue and green LEDs can be enhanced by SPs of metal nanoparticles embedded in the n-or p-GaN layer of LEDs. [10] [11] [12] However, the surface coverage of metal nanoparticles was relatively small ($3%) and the optical output power of LEDs was not much increased by the SP effect. 5, 10) Furthermore, the crystal quality and electrical characteristics of SP-enhanced LEDs were degraded by defects induced by the regrowth of the GaN layer over metal nanoparticles. 11, 12) In this letter, we demonstrate SP-enhanced flip-chip LEDs having silver (Ag) disks in the p-GaN layer. The optical output power of SP-enhanced flip-chip LEDs with Ag disks was greatly enhanced via the resonance coupling between the excitons in MQWs and SPs in Ag disks. Additionally, the crystal quality and electrical characteristics of LEDs were not degraded by the Ag disks deposited in the p-GaN layer. Figure 1 shows a schematic diagram of the SP-enhanced flip-chip LEDs with Ag disks in the p-GaN layer. To realize a strong resonant coupling between the excitons in MQWs and the SPs of Ag disks, the Ag disks were deposited in the p-GaN layer keeping the distance between MQWs and Ag disks as narrow as 40 nm because the local electric field exponentially decreases with increasing distance between the QW and the metal layer. 1, 14) The LEDs with a blue emission at 450 nm were grown by metalorganic chemical vapor deposition (MOCVD) on a c-plane (0001) sapphire substrate. After the growth of a 25-nm-thick GaN nucleation layer at 550 C, a 2-m-thick undoped GaN layer and a 2-m-thick n-GaN layer were grown at 1020 C. Then, MQWs consisting of five periods of undoped InGaN wells (3 nm) and GaN barriers (12 nm) were grown at 750 C, followed by the growth of a 200-nm-thick p-GaN layer at 980 C. To fabricate flip-chip LEDs, a p-GaN layer was etched using an inductively coupled plasma (ICP) etching process until the n-GaN layer was exposed as an n-type ohmic contact. A photoresist (PR) mask with the arrays of holes with a diameter of 6 m and a spacing of 6 m between holes was formed on the p-GaN layer by photolithography. A p-GaN layer with a PR mask was etched by ICP etching under Cl 2 /CH 4 /H 2 /Ar gases for 1 min. The etch depth in the p-GaN layer was 160 nm because the penetration depth of the SP fringing field of Ag in GaN is estimated to be 41 nm for QW-SP coupling at an emission energy of 2.75 eV. 1, 11) Then, a 160-nm-thick Ag layer was deposited on the etched p-GaN layer with a PR pattern. After the lift-off process, an array of Ag disks was formed in the p-GaN layer. After depositing the Ag layer on the p-GaN layer, the Ag layer on the n-GaN layer was selectively removed by photolithography and a Ag etchant. Finally, to make the p-pad reflector electrode, a Ni/Ag (5/150 nm) double-metal layer was deposited and annealed at 500 C for 1 min under an O 2 Figure 3 shows the room temperature and time-resolved PL spectra of flip-chip LEDs with and without Ag disks, respectively. In this study, PL measurements were performed by exciting the MQWs with a 400 nm laser from the backside of the sapphire substrates, as shown in the inset of Fig. 3(a) . As shown in Fig. 3(a) , the PL intensity of flip-chip LEDs with Ag disks is much higher than that of LEDs without Ag disks. The integrated PL intensity of flip-chip LEDs with Ag disks is increased by 11 times compared with that of LEDs without Ag disks. Furthermore, the PL peak of an SPenhanced flip-chip LED with Ag disks is slightly red-shifted in comparison with that of an LED without Ag disks, which is due to the enhancement of PL intensity in the low-energy side of the PL emission peak by the QW-SP coupling. A similar PL peak energy shift has been reported and regarded as evidence of the SP coupling process. 12, 13) As the inset of Fig. 3(b) shows, the extinction spectrum of the Ag disks exhibits an absorption peak around 475 nm, which is resulted from extinction by the excitation of dipole plasmon modes in the Ag disks. The similar peak positions of PL enhancement, as shown in Fig. 3(b) , and extinction by Ag disks deposited in the p-GaN layer indicate that the PL enhancement is due to an increase in the spontaneous recombination rate of the excitons in MQWs through QW-SP coupling. 1, 2) To further investigate the coupling mechanism, time-resolved PL (TR-PL) measurement was performed. The TR-PL measurement was performed at 10 K to remove the nonradiative recombination process that competes with the SP coupling. Figure 3(c) shows the low-temperature TR-PL spectra of flip-chip LEDs with and without Ag disks in the p-GaN layer. To examine the coupling between excitons in MQWs and the SPs of the Ag layer, the fast part of each decay curve was fitted with a monoexponential decay model. The decay lifetime is defined such that the ideal radiative decay curve can be shown as I ðtÞ ¼ Ae Àt= , where A is the normalization constant.
15) The effective exciton lifetime of the flip-chip LED with Ag disks is 38 ns, while that of the LED without Ag disks is 71 ns. The faster decay time for the flip-chip LED with Ag disks is attributed to the coupling of MQWs with SPs in the Ag disks. Owing to the increased photon density of states near the SP frequency, which results from the Purcell effect enhancement factor, the excitation of SPs is faster than other recombination processes. Consequently, when the energy of excitons in a QW is close to the electron vibrational energy of the SP in the Ag layer, exciton energy can transfer to the SP and a new fast recombination path is created, resulting in an increased recombination rate.
2,3)
In order to investigate the electrical properties of SPenhanced flip-chip LEDs, the current-voltage (I-V ) characteristics were measured. Figure 4(a) shows the I-V characteristics of SP-enhanced flip-chip LEDs with and without Ag disks. As shown in Fig. 4(a) , the forward voltage of the flip-chip LED with Ag disks in the p-GaN layer is 3.08 V, which is the same as the forward voltage (3.08 V) of the LED without Ag disks. The series resistance of 12.5 of the LED with Ag disks is also very close to the 12.7 of the LED without Ag disks. To examine the reverse current characteristics of LEDs, the I-V curves are plotted on a semi- logarithmic scale as shown in the inset of Fig. 4(a) . The SP-enhanced flip-chip LEDs with Ag disks show a low reverse-bias leakage current of 6 Â 10 À7 A at À10 V, which is almost the same as that of the LEDs without Ag disks. In previous studies, the SP-enhanced LED with metal nanoparticles inserted into the p-GaN layer has shown a higher forward voltage and a reverse-bias leakage current due to the presence of defects induced by the regrowth of the p-GaN layer over metal nanoparticles, compared with reference LEDs without metal nanoparticles. 11, 12) However, the I-V characteristics of the SP-enhanced flip-chip LED with Ag disks indicate that ICP etching and the subsequent deposition of Ag disks in the p-GaN layer do not degrade the electrical properties of LEDs. This result is attributed to the decrease in the number of growth-induced defects due to the smaller number of metal disks than that of metal nanoparticles in the p-GaN layer. 16, 17) Figure 4 (b) shows the optical output power of the flip-chip LEDs with and without Ag disks in the p-GaN layer as a function of injection current. The optical output power of LEDs was measured from the bottom side of the LEDs using a Si photodiode with a diameter of 2 cm connected to an optical power meter. The optical output power of the flip-chip LEDs with Ag disks is increased by 45% at 20 mA of injection current compared with that of conventional flip-chip LEDs without Ag disks. This large enhancement of optical output power can be attributed to the improvement of the internal quantum efficiency in MQWs resulting from the increased spontaneous emission rate by the resonance coupling [1] [2] [3] between the excitons in MQWs and the SPs in the Ag disks deposited in the p-GaN layer. However, the EL enhancement by SP coupling is lower than PL enhancement because the PL enhancement includes both enhancements of energy absorption and emission efficiency. With an Ag disk placed in the vicinity of the QWs, the PL excitation source can get coupled first into the tightly confined SP mode enhancing the optical energy density near the QWs, which enhances the absorption rate. Moreover, the presence of Ag disks creates the additional recombination paths for electron-hole pairs and enhances the PL emission efficiency by transferring energy into SP modes. [18] [19] [20] Note that the enhanced optical output power of the SP-enhanced flip-chip LEDs with Ag disks is much larger than that of the SP-enhanced LEDs with Ag nanoparticles embedded in the n-GaN 10) or pGaN 11) layers due to the larger surface coverage ($20%) of Ag disks and the decrease of the number of defects in the p-GaN layer.
In summary, we demonstrate SP-enhanced flip-chip LEDs by depositing Ag disks in the p-GaN layer. The measurements of PL and TR-PL showed that the enhanced PL intensity of flip-chip LEDs with Ag disks is due to an increase in the spontaneous emission rate by QW-SP coupling. As a result, the optical output power of SP-enhanced flip-chip LEDs with Ag disks was increased by 45% at an injection current of 20 mA without showing any deterioration of electrical properties, compared with that of LEDs without Ag disks. 
